We present here the characterization of the structural, dynamics, and energetics of properties of the urea-denatured state of ubiquitin, a small prototypical soluble protein. By combining state-of-the-art molecular dynamics simulations with NMR and small-angle X-ray scattering data, we were able to: (i) define the unfolded state ensemble, (ii) understand the energetics stabilizing unfolded structures in urea, (iii) describe the dedifferential nature of the interactions of the fully unfolded proteins with urea and water, and (iv) characterize the early stages of protein refolding when chemically denatured proteins are transferred to native conditions. The results presented herein are unique in providing a complete picture of the chemically unfolded state of proteins and contribute to deciphering the mechanisms that stabilize the native state of proteins, as well as those that maintain them unfolded in the presence of urea.
denaturing mechanism | protein unfolding | random coil | ensemble simulation I t has been known for decades that protein structure is highly dependent on the solvent, and that certain chemical compounds induce protein destabilization and eventually unfolding (1) . Biochemistry textbooks (2) state that under high denaturant concentration proteins adopt a "random coil" conformation, but very little is explained on the nature of such state. In fact, it has not yet been described how different the urea random coil is from the ensemble of conformations sampled by the unfolded state under native conditions and, even more important, no consensus exists on the physicochemical mechanisms explaining chemical denaturalization.
Urea is probably the most used chemical denaturant (3) , but after decades of study there are still many unknowns in its mechanism of action. Within "direct" theory, urea denatures proteins by direct interaction with protein residues. These interactions are supposed to be stronger than those occurring with water, which would explain that groups not exposed to solvent in aqueous solution become exposed when urea is present. Several variants of the direct theory have been put forward. Thus, some authors have suggested that the major destabilizing effect of urea is related to its preferential interaction with the protein backbone (4, 5) , sidechains (6), polar or charged residues (7), hydrophobic residues (8-10), or a mixture of hydrophobic and polar residues (11) . The physical nature of the direct interactions between proteins and urea is also subject of debate, with some authors suggesting that it is mostly electrostatic and related to the formation of direct hydrogen bonds (5, 7, 12, 13) , and others suggest that dispersion interactions are the main factor (14, 15) . Some authors supported the idea the denaturing role of urea is not related to the formation of direct urea-protein interactions, but to its ability to "dry" the protein, weakening the hydrophobic effect responsible for stabilizing protein structures (16) (17) (18) (19) . However, recent consensus is that this indirect mechanism is not the main explanation of the effect of urea (18) (19) (20) , pointing instead to the direct mechanism.
Massive experimental efforts have been directed to characterizing the nature of the urea-unfolded state of proteins (3, (21) (22) (23) , because this is expected to be instrumental for the understanding of protein folding (24) . However, structural experimental techniques face great difficulties to characterize the unfolded ensemble, mostly a result of its large conformational flexibility. Only recently low-and medium-resolution models of the unfolded state have been derived from spectroscopic techniques, such as small angle X-ray scattering data (SAXS) or NMR (25, 26) .
The history of simulation techniques (mostly molecular dynamics, MD) in the field of chemical unfolding of proteins starts in the late 1990s (27, 28) . Such pioneering works faced many problems, the most important one being the vast difference between the time scale of the unfolding process and that accessible to simulation. Even now, 15 y later, plain MD simulations are still limited to reproducing the early stages of unfolding for most proteins (10, 14) , forcing the use of advanced sampling techniques that bias trajectories to populate unfolded states, a strategy that has provided spectacular results (13, 29) but that has obvious bias risks in terms of the reliability of the sampled unfolded state and of the unfolding pathway.
In this article we overcome the intrinsic time-dependent problems of MD to describe urea-unfolded proteins and the risks of biasing techniques by running multiple unrestrained simulations started from representative conformations of the unfolded state, as defined by NMR data collected under denaturing conditions (pH 2.0 and 8 M urea concentration): the ERIDU [Ensemble Refinement of Intrinsically Disordered and Unstructured proteins (30) ]. MD simulations validated by NMR and SAXS data allowed us to describe with unprecedented accuracy the structural and physico-chemical properties of the unfolded state of a protein in urea and to advance the understanding of the mechanisms of protein folding and unfolding.
Methods
Starting Configurations. We used a finite set of structures collected in the ERIDU ensemble of ubiquitin (30) as starting configurations for our simulations. In short, this ensemble contains 100 different conformers of the protein, which were determined by refinement of a statistical coil model (31) using residual dipolar couplings (RDCs) as restraints. The 100-member ensemble was found sufficient to properly describe the RDCs and known residual native contacts.
System Set-Up. Proteins were titrated to pH 2.0 using MDWEB procedures (32) , and immersed in a pre-equilibrated box of water/urea (28) , adjusting the concentration of denaturant to 8 M (matching the experimental denaturing conditions). After test calculations with different urea force-field models, we selected the widely used refined parameters from the Optimized Potentials for Liquid Simulations (OPLS) forcefield, (5, 8-11, 13, 15, 20, 28) . Note, however, that although incorrect models can yield to biased results (9, 33) most current urea models provide very similar results (34, 35) . Chloride ions were added to keep electroneutrality. All systems were then energy-minimized and preequilibrated by MD for 8 ns, keeping the backbone restrained by intramolecular harmonic potentials. This unusually large This article is a PNAS Direct Submission. 1 To whom correspondence may be addressed. E-mail: modesto.orozco@irbbarcelona.org or xavier.salvatella@irbbarcelona.org.
This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10. 1073/pnas.1216589110/-/DCSupplemental. preequilibration period was required to avoid artifactual movements of the backbone related to an incorrect solvent arrangement around the protein (Fig. S1) . Preequilibrated structures were then relaxed by removing backbone constraints during a 1-ns equilibration, which was then followed by 10-ns production runs for the 100 conformations in the ERIDU ensemble. Additionally, 100-ns simulations for the 10 most dissimilar structures in the ERIDU ensemble were performed to check the effect of extending simulation times.
In parallel to urea simulations we performed control MD simulations in water. Thus, proteins were solvated in a water box using the TIP3P model and chloride ions to keep neutrality of the system. Solvated systems were minimized, preequilibrated, and equilibrated using a protocol identical to that used for the urea/water simulations, except for the shorter preequilibration in water because 2 ns were enough to equilibrate the solvent. Production trajectories were collected for 10 ns under the same simulation conditions used for urea simulations.
Bader's Atoms in Molecule Analysis. To examine the electronic structure of the hydrogen bonds between protein backbone and solvent, a set of four representative structures (of protein-water and protein-urea complexes) were taken from the MD trajectories. The starting geometries were reduced to protein backbone atoms of the residue involved in hydrogen bonds with urea or water molecules. These geometries were optimized at the MP2(full)/ 6-311++G** (6 d, 10 f) level of theory using Gaussian09 (36, 37) . The topological analysis of the electron distribution was performed with the AIMPAC package (38) .
Trajectories Analysis. Analysis was performed using visual molecular dynamics (39) as well as in-house programs and the analysis tools, most of them available at the MDWEB application (32) . Secondary structure was evaluated using STRIDE software (40) . Further details are provided in SI Methods.
Trajectory Validation. The scalar couplings were calculated from the ensemble by using the Karplus equation as shown elsewhere (22) and compared with experimentally measured values. The RDCs were calculated as described in Esteban-Martín et al. (30) . For this process the alignment tensor of each conformation was computed explicitly using the method developed by Almond and Axelsen (41) and the RDCs were averaged linearly. To account for the absolute degree of alignment the ensemble-averaged RDCs were globally scaled to the experimentally measured RDCs. The SAXS profile was computed using Crysol (42) software with default parameters.
Results
Validation of MD Simulations. Recent refinement of force-fields guarantees that MD simulations reproduce well the folded state of proteins (43, 44) , but there is not such a guarantee for the unfolded state, especially in the presence of chemical denaturants. A first step should be then to check the quality of the MD ensembles by direct comparison with experimental observables. Table 1 presents a comparison between experimental and calculated NMR parameters for the ERIDU and MD simulations performed (MD simulations were performed under the same conditions used to measure the experimental data). The agreement between experimental and calculated NMR parameters, which include threebond scalar couplings ( 3 J) and RDCs, was quantified using the Spearman correlation coefficient (ρ). As shown in Table 1 , MD simulations in 8 M urea provide an accurate description of 3 J scalar couplings of ubiquitin (Fig. S2) , with a ρ in fact slightly better than that obtained for the reference ERIDU ensemble (0.70 Hz; no restraints based on 3 J were introduced to derive the ERIDU structures). For the case of RDCs, we find a good correlation between calculated and measured RDCs (ρ = 0.80) ( Table 1 and Fig. S3 ), in fact only slightly worse than that of the ERIDU ensemble (ρ = 0.98), where RDCS where explicitly restrained.
To further check the quality of the MD ensembles in 8 M urea, we analyzed their ability to reproduce coarse grained experimental observables derived from SAXS experiments performed using identical conditions to those of our simulations (25) . The agreement between MD-results (postprocessed using the Crysol protocol) and experiment is very good (χ 2 = 1.4) (Fig. S4) , even improving the good behavior of the original ERIDU ensemble (χ 2 = 2.1; no SAXS restraints were included in ERIDU definition). Note that no experimental restraints or constraints were imposed in our MD simulations, which means that the agreement with these experimental observables should be interpreted as an independent validation of our trajectories.
In summary, unbiased MD ensembles obtained in strong denaturing conditions (8 M urea pH 2) satisfactorily reproduce fairly well all available experimental data on the chemical unfolded state of ubiquitin. It is however unclear whether or not this behavior is just reflecting the good quality of the original ERIDU ensemble, which was not much deteriorated in multiple 10-ns simulations as those considered here (see below). To check this point we computed all SAXS and NMR observables using an MD ensemble obtained under identical MD conditions and started from the same conformations, but in pure aqueous solvent. If the observed agreement between calculated and measured SAXS and NMR observables stems simply from memory artifacts, we should find similar behavior in urea and aqueous simulations. As noted in Table 1 , it is however clear that MD-water simulations deteriorate the quality of the original ensembles (correlation with experimental RDCs and 3 J scalar couplings decreases to 0.61 and 0.51, respectively, and χ 2 for the fitting to SAXS curve increases up to 9.8) in terms of experimental observables of the urea unfolded state, suggesting that we are not facing a memory artifact. To further reject this possibility and to detect any other artifact related to the limited length of the simulations, we extended the simulations of the 10 most distinct structures in the ERIDU ensemble to 100 ns (Methods). Results in Table S1 demonstrate the lack of significant artifacts and the very close similarity, in terms of structural and experimental parameters of the ensembles obtained by 10-and 100-ns trajectories. In summary, we are confident that our MD simulations capture well the nature of the urea-protein system, allowing us to analyze the ensemble as a reliable representation of the conformational space of chemically denatured ubiquitin.
Characterization of the Unfolded Ensemble in Water and Water/Urea.
The ERIDU ensemble is expected to capture reasonably well the nature of the urea-denatured state of ubiquitin, but the constituting structures have little sense individually, and might be in fact never populated. It is interesting then to analyze the evolution of the MD trajectories collected in 8 M urea using as a reference those obtained in pure aqueous solution. Fig. 1 demonstrates that structures sampled by MD simulations in urea are far from native structure, as anticipated by the ERIDU ensemble, showing backbone rmsds in the range 15-40 Å. MD-sampled structures in urea are extended, showing typical radii of gyration (Rg) in the range 20-40 Å (compared with 11.7 Å of the native protein), with an average value of 29.4 Å, matching the ERIDU distribution and average (Rg ERIDU = 29.9 Å) and reproducing well the Rg derived from independent SAXS data (28-32 Å) (25) . The macroscopic similarity between MD and ERIDU ensembles also becomes clear in Fig. 2A , which displays the average Rg and solvent accessible surface area (SASA) for the 100 (× 10 ns) MD trajectories and for the corresponding ERIDU structures. In summary, all macroscopic descriptors of the ERIDU and MD ensembles are very similar, but this does not imply that MD sampled structures match individual ERIDU conformations. Thus, as noted in Fig. 1 , individual trajectories move around 10 Å in 10 ns from starting ERIDU, and more than 20 Å in 100-ns trajectories. These conformational movements, which as noted above do not modify experimental observables of the ensemble, often imply convergence to other ERIDU structures (Fig. S5) , indicating the dynamic nature of the unfolded ensemble. Despite starting from the same seed conformations, the trajectories collected in pure water show a completely different behavior from those collected in the presence of urea. Thus, instead of navigating around the ERIDU representative structures, trajectories in water very quickly diverge (rmsd from 10 to 30 Å) (Fig. 1B) , approaching to the native state (Fig. 1A) . The major macroscopic effect of the transfer of the ERIDU ensemble to water is a dramatic collapse of the structures, which becomes evident as a very large reduction of the Rg and of the SASA of the structures (Figs. 1D and  2B) . A comparison of the bi-dimensional Rg vs. SASA plot in Fig. 2 for urea and water simulations clearly shows that although the former is typical of a stable unfolded ensemble, close to the seeding one (note that when 100-ns trajectories are used, no changes in the plots are observed) (Fig. S6) , the latter is typical of a system in the first stages of folding, fast evolving toward a collapsed state akin to a molten globule. This finding is even clearer when looking at the conformation interchange plots in Fig. S5 , which show that although in the urea simulations random movements and exchange along conformers occur, in the water simulations all trajectories tend to converge toward a similar collapsed state.
Residual Structural Elements. A long debate in studies dealing with unfolded proteins is whether or not residual structural elements of the native structure are preserved in the chemically denatured state, and whether or not, if they exist, these elements can act as nucleation points to guide refolding in the absence of denaturant. Very few amounts of secondary structure elements are detected experimentally (45) , and MD-simulations confirm the lack of persistent elements of secondary structure in urea. In fact, we detected a very small (less than 2%) α-helical annotation spread along residues in both N-and C-terminal sections (Fig. 3) , corresponding to short-transient motifs, which never propagate to welldefined stable elements of secondary structure. However, despite the lack of stable secondary elements, a few 3D native arrangements, are present in our simulations (Fig. 4) , the most important is a native-like β-hairpin between (originally) β-strands 1 and 2 (residues MET1-GLU18). This contact was present in 12% of ERIDU ensemble (30) , and it was detected around 9% of the time in our MD ensembles. Replication of a small number (13) of trajectories using randomizing velocities leads to no change in the population of β1-β2 contacts, and extension of 10 trajectories to 100 ns just increases slightly (to 12%) the population of this contact, matching ERIDU estimates and supporting claims by Meier et al. based on direct measures of transhydrogen-bond scalar couplings (45) (not introduced by any means as restraints in our simulations).
Trajectories in water lead to an increase in interresidue contacts, which start to signal (Fig. 4) some long-distance interactions resembling those occurring in the native state. The β1-β2 contact is reinforced because it is present in more than 35% of the aggregated simulation time in water (three times more than in urea). Interestingly, when the urea-unfolded structure is immersed in water a significant amount of secondary structure is generated. Thus, short turns are much better defined; the β-strand that was very marginal in urea is detected in 2-4% of the simulated time, and the much local α-helix conformation increases its population to 4%, with some segments sampling α-helix conformation nearly 10% of the simulation time (Fig. 3A) . The locations of the segments forming secondary structures correlate (Fig. 3A) , although not perfectly, with the regions of sequence where secondary structure elements exist in the native structure. It is clear that urea not only facilitates the expansion of the structure but also reduces dramatically the amount of secondary structure. Indeed, in the absence of urea, secondary structures form concomitantly with the hydrophobic collapse. Some contacts, like the β1-β2 contact (marginal in urea), become reinforced, acting as early-formed native contacts, which might help in guiding the refolding process toward a productive pathway once denaturant is removed.
Nature of Protein-Urea Interactions. As already anticipated by Fig.  S1 , chemically denatured ubiquitin captures very efficiently urea from the bulk solution (Table 2 ). For example, the ratio water/urea in the first solvation shell (FSS) is around 0.9, which compares with 5.4 in distant regions of the simulation box. The enrichment of urea in the FSS was previously reported in MD simulations of the early stages of the unfolding of urea (28) , but the magnitude of such an enrichment is much larger than that found for folded forms of the protein (in fact, a control simulation performed for the folded protein in urea reveals a ratio water/urea in the FSS of only (Fig. S1 ), suggesting that those residues exposed when the protein is unfolded are those with higher preference to urea compared with water. Interestingly, in the unfolded ensemble apolar (A) and polar (P) residues were exposed to solvent to the same extent (Table S2 ), but urea molecules tend to localize closer to apolar residues (AP ratio 0.81) compared with water molecules (AP ratio 0.57) ( Table 2 ). The differential solvation effect of urea is also evident in the contact coefficient (CC UW ) (9), which reaches a value of 14.0 for apolar and only 10.6 for polar residues. As anticipated by others (8) (9) (10) 14) , hydrophobic residues are the main differential target for the preferential interaction of urea with unfolded conformations of the protein. Clearly, our simulations suggest that at least for this protein and in the context of a fully unfolded ensemble, the preferential solvation of apolar solutes by urea is the main stabilizing factor of the open state. As discussed by Mountain and Thirumalai (34) , other balance of interactions can occur for other conformational states of the proteins. Urea has been suggested to have a tendency to interact with specific structural motifs of proteins (14, 15) . In the absence of clear cavity regions in the unfolded state of ubiquitin, we centered our analysis in the region showing residual α-helix content, which appear enriched (P < 0.001) in contacts with urea ( Fig. 4B and Fig.  S7 ), as well as in the vicinities of the contact β1-β2 findings; in this case there were no differences in urea interactions with respect to the background. It is difficult to determine how much of the improved urea binding found in regions with residual α-helixes is related to sequence bias, but it is clear that the presence of residual 3D motives is not always stabilized by a preferential binding of urea molecules.
Energetics of Protein-Urea Interactions. Previous studies have favored the direct mechanism to explain the denaturing effect of urea, but have not clarified what is the physical nature of proteinurea interactions: the electrostatic term (mainly hydrogen bonds) or the van der Waals contacts (mostly dispersive effects). It has been proposed by different authors that urea denaturation is driven by hydrogen bonding to the backbone or polar residues (7, 13), a hypothesis that seems to be supported by the structure of urea, which looks optimized to form hydrogen bonds with peptide backbones. To check whether this hypothesis is correct, we analyzed the occurrence of protein-solvent hydrogen bonds in our denatured ensemble (Methods and Table 3 ). Considering the structure of water and urea, we should expect two-(water) and four-(urea) times more hydrogen-bond donor than acceptor interactions with the protein, but in fact more events of water acting as hydrogen-bond acceptor than as a donor are found (ratio donor/acceptor for water equal to 0.63) ( Table 3) , and for the urea the ratio donor/acceptor is just 2.55 (instead of the expected 4) ( Table 3 ), indicating that intrinsic acceptor capabilities of both urea and water are larger than their donor capabilities, even in the case of urea, the largest number of donors overcome this intrinsic preference. The fraction of hydrogen bonds formed by the solvent with the protein backbone is higher compared with side-chains, the difference being more pronounced in urea (∼91% for backbone and ∼9% for side-chain). In addition, the majority of hydrogen bonds formed by urea are made with apolar residues, but the main hydrogen-bond partners for water are the polar ones (Table 3) . Our MD-derived results suggest then that urea hydrogen-bond capabilities contribute to stabilize exposed apolar residues directly by electrostatic interactions with the backbone, and indirectly by increasing the local density of urea around them, favoring the formation of short-range dispersion interactions. However, it is very unlikely that urea will direct protein unfolding through hydrogen bonding, as otherwise we should expect higher side-chain contacts and more abundant interactions with polar residues, where hydrogen-bond interactions are expected to be stronger.
Some authors (27, 46) have suggested that hydrogen bonds involving urea are intrinsically stronger than those involving water molecules and, therefore, that even a small number of hydrogen bonds can significantly stabilize the open state of the protein. To analyze this point with accuracy, we performed quantum mechanics Bader's analyses (47) of complexes of water and urea with a model of a peptide unit (Methods). As discussed elsewhere (48) , the analysis of the hydrogen-bond critical points in quantum mechanical optimized geometries provides a direct unbiased measure of the intrinsic stability of hydrogen bonds. Results shown in Table  4 reveal that (when contacting an amide moiety) water intrinsically prefers to act as a hydrogen-bond donor than acceptor, contrary to what is found in MD simulations of water/urea mixtures, suggesting a certain frustration of hydrogen-bond capabilities of water in the FSS. For urea the situation is different, because the acceptor capabilities of the carbonyl group are much larger than the donor ones of the N-H bonds. Electron densities at the hydrogen-bond critical points and associated Laplacians clearly show that water is a much stronger hydrogen-bond donor than urea, but it is only slightly poorer than urea as an acceptor. Considering that there are 2.5-more hydrogen bonds with urea acting as donor than as acceptor (see above), we can rule out the hypothesis that urea-protein hydrogen bonds are intrinsically stronger than the water-protein ones.
We also tested the recent suggestion by Blackledge and colleagues (25) that urea hydrogen bonds to the protein backbone (with x number of urea molecules per residue), acting mostly (or exclusively) as acceptor. We found first a much smaller number of hydrogen-bond urea-protein contacts than that suggested by the authors, and in fact the hydrogen-bond donor role of urea is 2.5-times more prevalent than the role as an hydrogen-bond acceptor. These findings, which are very robust to simulation details, argue against a major effect of urea acceptor capabilities as a main reason for the stabilization of the unfolded form of the protein. However, to double-check this and to gain a deeper detail on the physical nature of urea-protein interactions we postprocessed our trajectories following the energy interaction scheme proposed by Hua et al. (14) . For the case of water molecules (Fig. S8 ), the energy distributions obtained for the molecules in the FSS and in the bulk overlapped, suggesting that water is not really proteinphilic (when the protein is unfolded in the presence of urea). The situation for urea is quite different; although the electrostatic term distributions in bulk and FSS overlap, indicating that hydrogen bonds and other polar contacts do not favor the migration of urea from bulk to the FSS, urea dispersive interactions are clearly better in the FSS than in the bulk. Clearly, as anticipated by others from unfolding trajectories of native proteins (14, 15, 29) , direct dispersive interactions of urea, mostly with apolar residues of the protein, seem the major driving force for the stabilization of expanded conformations of ubiquitin. However, as noted above, hydrogen bonds and other polar contacts are not negligible, as they might be important to stabilize exposed polar moieties of the protein that will generate otherwise strong local fields, which would destabilize the unfolded state.
Discussion and Conclusion
Urea plays two major roles in unfolding: (i) a kinetic effect reducing the free-energy barrier associated to protein unfolding, by favoring the disruption of the key elements of the native structure, and (ii) a thermodynamic effect, stabilizing extended forms of the protein, that will collapse toward the molten globule when transferred to water. Most MD simulations published to date have investigated the effect of urea in the unfolding mechanism, giving very valuable information on the effect of urea in the early stages of protein unfolding but providing little information on the nature of urea-protein interactions in the fully unfolded state. The present study, where the seed for MD simulation is not the native structure but a NMR-derived ensemble of the unfolded state of the protein provides a complementary picture of the effect of urea in protein unfolding, giving direct information on the role of urea in stabilizing the unfolded state of the protein.
The protein in 8 M urea is fully extended and flexible, making no attempts to recover native-like 3D structure. We found structural and flexibility patterns for the protein in urea that fit with the concept of "random coil" outlined in biochemistry textbooks (49) . When the chemically denatured ensemble is suddenly introduced in water, a fast hydrophobic collapse occurs, outlining sections of secondary structure (mostly inexistent in urea) and defining some near-native 3D contacts, which might act as the seed for regeneration of the native structure. Clearly, the chemically unfolded state seems quite different to the "unfolded" state in aqueous solution.
The unfolded protein is more urea-philic than hydrophilic, and captures very efficiently denaturant molecules to the FSS. Urea forms abundant hydrogen bonds with the protein backbone but detailed analysis of urea population reveals that apolar residues are the main targets for urea-specific solvation and that dispersion, rather than electrostatic interactions, is the main energetic contribution to explain the stabilization of the unfolded state of the protein and the irreversibility of the unfolding process in the presence of urea. Whether or not urea uses the same physicochemical mechanism to accelerate the kinetics of unfolding is an intriguing issue that will require further investigation.
